Introduction
Today, media creators form a significant fraction of those who use signal processing tools.
Environments such Max / MSP [1] and Photoshop [2] play a key role in the creation of music and images. In these environments, authors frequently use advanced signal processing algorithms in the form of filters, and effects such as sound reverberations, delays etc. However, most of the people involved in media production do not have a math background. The content creators are keen to develop a sophisticated understanding of their tools. This allows them to predict the effects of their creative decisions ahead of experiencing them, as well as understanding why certain choices (e.g. size of the convolution kernel) can have a big impact on the final result. It is important to note that the computer music community [3, 4] has played a significant role in broadening the reach of signal processing.
In this article, we describe our experiences with developing a signal processing course specifically designed for students with a background in the arts. The course was developed at the new Arts Media and Engineering (AME) program at Arizona State University.
Experiential Media at The Arts Media and Engineering Program
AME has a research and educational mission focused on the development of experiential media systems.
Experiential media systems refer to new, complementary models of media computing. In the traditional multimedia computing model (e.g. the creation / consumption of a video), capture, analysis and media consumption are not co-located, synchronous or integrated. We are however witnessing a rapid decline in the cost of sensing, storage [5] , computing and display. Thus sensors (audio, video, pressure, and others), computing, ambient visual and sound displays and other feedback devices (vibration, light, heat) can now be co-located in the same physical environment, creating a real-time feedback loop. This allows us to develop a rich contextual understanding of human activity, at different scales of time and space, as well as affect human activity in a radically new way. The goal is to achieve enhanced, user-oriented, and unified physical-digital experiences. These media systems will give rise to a new set of multimedia applications grounded in human activity in the physical world.
The development of experiential media systems requires a community of people focused on the same intellectual effort. Importantly, the knowledge required to effectively work on this problem is fragmented across several disciplines. Since we are dealing with a hybrid physical-digital space that concerns media, this is of interest to architects (the design of space), engineers (computational aspects), artists (media creation), neuroscience researchers, and social scientists who are interested in cognitive issues and the practice of space respectively. At AME, there are four key application areas (health, education, everyday living and interactive arts), which are the driving force for the development of these new media systems ( Figure 1 ). Over 30 students from a broad range of disciplines (engineering, psychology, education, design and the arts -music, visual art, theater and dance), who participate in formalized 'AME' concentrations offered by the program. The concentration model requires that students take one third of the courses from AME, one third from the major degree (e.g. electrical engineering) and take the rest as research credits spread across the host department and AME. Each student who participates in the concentration, regardless of their home discipline, is strongly encouraged to participate in one of the complex experiential media systems in development at AME. Their successful participation (particularly for students who do not have an engineering background) means that they become familiar and comfortable with key signal processing concepts that form the basis of media production tools.
Why New Pedagogical Techniques?
The development of a course for audiences without a math background (e.g. dance, visual art) is problematic when teaching signal processing concepts that are firmly rooted in mathematics. Most of the students are sophisticated content creators, who were last exposed to mathematics in high school, thus precluding any discussion using calculus. Classical textbooks in signal processing such as [6] are program, the book is entirely appropriate. However, for audiences used to routinely manipulate filters in content creation tools and to experience media creation, these fundamental concepts appear to be far too abstract.
Thus, such an audience is more interested in experiencing the results in order to learn. Hence new pedagogical techniques to communicate critical signal processing concepts to new audiences must take into account the audience.
In the past decade there has been a widespread emergence and adoption of graphical programming environments based on a data-flow paradigm such as PD [7] and Max/MSP [1] . These allow for real-time manipulation of audio and video through signal processing networks. In these environments one has access to a wide range of signal processing units and can develop simple environments for experimentation. For instance, in learning about basic filters, one can directly manipulate the coefficients and hear the results to gain experience-based insight into how these changes affect the filter state.
Methodology
In our course, we attempted three innovations -(a) develop the course with a foundation in high school geometry (b) make the course experiential -i.e. allow the students to manipulate images and sound to understand concepts, and (c) teach the generalization-specialization abstraction process, to make the students understand relationships between concepts. For text, we recommended the book [8] , which explains the key concepts in Fourier analysis using a manga format (Manga is the Japanese term for a comic-book). The book was written by people who did not have a math / engineering background.
A Geometric Perspective
A geometric perspective to signal processing makes the key concepts accessible to people who only have had a background in high-school algebra and geometry. We began teaching the course by presenting Euclid's postulates and revisiting Pythagorean theorems. This allowed us to accomplish 4 several things: discuss the triangle inequality, and begin to explain the basic trigonometric functions of sin(θ), cos(θ) and tan(θ). Then, we began to develop the idea of functions in a more generalized setting.
Euclidean geometry serves as the natural starting point of exploring the idea of vectors and simple algebraic operations of additions / subtractions as well as scaling.
The key concept of a linear filtering now can be introduced as a projection of the signal (input) onto the filter. A poorly designed filter can cause the interesting (e.g. specific harmonics) data to be lost, as the signal is not correctly projected onto the filter. The students with a geometric understanding readily appreciate the 'matched filter' and learn that, unless the filter and the signal are aligned, there is not an optimal transfer of signal energy. Geometric projection of one vector onto another (illustrated using triangles in Figure 2 ), also allows us to introduce the idea of orthogonality; we show that it is possible to design filters that completely eliminate certain parts of the input. We also briefly introduced the concepts of differentiation by analysis of physical phenomena of movement. Integration was introduced by exploring how people began to measure area by knowing how to measure the area of a rectangle.
Experiential Introduction to Signal Processing
It is important that practical examples be given, which demonstrate applications of the concepts being introduced. For example, we found that the concept of convolution is particularly difficult for our students to understand using traditional definitions. The idea of convolution is typically introduced in To illustrate convolution we decided to start by adding reverberation to a sound file, which is a typical step in audio production. In our first example two audio files were played. The first file consisted of a person speaking. The second file contained an impulse response of a large cathedral. We then convolved these two signals to create a third signal, which predictably sounded as if speaking was taking place in the cathedral. This example avoided a common mistake of the students, which appears when they are first introduced to convolution. Trying to make analogies, they erroneously first try to understand it as some type of "cross-fading" of two signals, thereby fundamentally missing the implications of the concept.
Properties of a linear system were introduced next using the experiential approach with images and sounds. We explored the concepts of signal additivity and scaling though sound examples. Pure sine tones generated in Max / MSP were played back in class interactively, at every stage making a correspondence with the linear system concept. This approach using sinusoids also allowed us to simultaneously explore concepts of periodicity, phase and amplitude of sinusoids. Interactively working with sounds is of tremendous value when dealing with concepts of phase, as the consumption of sound is linear (it is also easy to cascade several filters and show illustrate the idea of linearity) and phase (the misalignment between sounds is noticed immediately).
After using the sinusoids, it became natural to introduce the idea of a Fourier series as a sum of many sinusoids that could successfully represent any periodic signal. However, in this course we did not discuss the some key aspects of Fourier analysis: (a) sinusoids are eigenfunctions of linear time invariant systems (b) the Fourier basis form a complete orthonormal set (we discussed orthogoanality of sinusoids, but not completeness). Furthermore, we did not discuss the familiar Z / Laplace transforms. In the context of this class audience, these choices are appropriate.
Signal Processing Concepts Related to Content Creation
Since the audience was interested in content creation, it was important to discuss concepts relating to sampling, quantization, filtering and noise. The audience experienced aliasing phenomena through movie clips that demonstrated the effect of sampling rate on a variable speed strobe. This helped 6 motivate the discussion on sampling frequency and the Nyquist sampling theorem. Through the use of aliasing as an example, we illustrated the dual time-frequency relationships, as well as the familiar concepts of downsampling / upsampling and the role of pre / post-filtering in preventing aliasing. These concepts were demonstrated using audio clips. The discussion on sampling also helped us focus on the role of quantization. Through both images and sound, the effects of reducing the number of bits used to represent the signal were demonstrated and the class experienced the reduction of SNR for both images and sound.
For an audience without a traditional signals and systems background, the discussion of filters is quite challenging. Understanding filter design involves a discussion of numerous concepts such as risetime, pass-band ripple, which typically appear to be abstract to such an audience. Some concepts such as the stop band attenuation, the quality of the roll off, the relationship between filter length and delay are easier to understand, but it is still difficult to explain by examples, concepts such as the effect of a nonlinear phase filter on sound.
We devoted some time in the course to concepts related to probability. Our goal was to 
The generalizationspecialization process
An important goal of this course was to communicate strategies used in engineering research to students from the Arts. This was important for the 
Evaluation
A course that focuses on experiential understanding of signal processing concepts requires a different evaluation of the students. In homeworks the students were asked to evaluate media clips (images / sounds) and explain the types of operations that have been performed, or to solve puzzles (e.g. dealing with probabilities). In the former case, the students were encouraged to use media programs such as
Photoshop to determine the set of operations. The students were never asked to solve mathematical problems.
The final project was an important part of the evaluation. The students could create any multimedia piece involving two different media types. The project had two important conditions attached: (a) the piece had to reflect their understanding of the key concepts taught in class, and (b) media elements that appeared at the same time, had to be operated upon with filters / operators that had the same generalization. For example, let us assume that the students decided to blur a segment of video for two seconds. Then they need to use an instance of the same generalization operator on the sound for 8 two seconds. A possible generalization is that blurring is a specific instance of a low-pass filter for visuals. This would have required the students to use a low-pass filter on the sound as well.
The requirements mentioned earlier caused the media pieces to be structurally constrained, in the sense that multiple media streams that occur at the same time are constrained to refer to the same generalization. As a result, a successful student project would thereby reflect an understanding of the generalization-specialization methodology, as well as an understanding of the operators and how to connect them via generalization across media types.
The student projects were all highly creative. The students were encouraged to work in pairs,
given the complexity of the project, and made use of with audio-visual media, or text and sound. For the students who had grasped the relationships across media streams at an abstract level, the final quality of the media result was high.
Student feedback and Limitations
The student feedback was highly encouraging. The students liked the new perspective brought by this course. One of the most gratifying comments was by a Music PhD student -This has fundamentally altered the way that I think of music. There was some math in the class. We used [8] as a reference book, and we have not used a textbook in the class. Although we created original material to discuss most concepts, the students would have also preferred to be able to refer to a textbook besides the class notes. The sections that had the largest amount of experiential feedback (filters / sampling / convolution) were those that the students enjoyed the most.
Conclusions and lessons learned
In this article, we discussed our efforts to develop a signal processing course, specifically designed for students with a background in the arts. The intended audience consisted of sophisticated media creators, who lack a math background, but are interested in developing a sophisticated signal processing understanding to aid their creativity. There were several key innovations: (a) the focus on developing a geometric perspective to teach signal processing, (b) the experiential introduction to signal processing concepts and (c) the generalization-specialization process for developing a deeper understanding of media operators.
